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Chapter 1 
General Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Background of this study 
Plant breeding by cross and mutation methods have been applied for production of 
novel plants with important traits. However, limitations have been frequently 
encountered in these methods depending on the plant species. Alternatively, plant 
regeneration and genetic transformation system based on plant tissue culture have 
been recently employed in plant breeding. 
Establishment of plant regeneration system is a prerequisite for successful 
biotechnological application such as micropropagation and genetic transformation. 
A large number of plant regeneration systems with various explants have been 
established in many important crops and ornamental plants. Genetic 
transformation is a powerful approach for introducing foreign traits and improving 
overall quality in ornamental plants as well as in important crops. Since the first 
report of successful production of transgenic plant in 1980’s, establishment and 
application of genetic transformation system have been widely reported in various 
plant species. However, limitations have been frequently encountered genetic 
transformation system in these technologies depending on the plant species. 
Therefore, establishment of genetic transformation system is required for each 
individual plant genotypes. 
 
Biomass-energy Gramineae plants 
 Recently, because of the increased demand for biomass-energy i.e. bioethanol and 
biodiesel as an alternative to fossil fuels, the plants potentially producing 
biomass-energy are being intensively investigated. They are also helpful to reduce 
ambient CO2 concentration by neutralizing carbon via photosynthesis. Current 
biomass-energy depends largely on sugarcane and corn. Bioethanol is produced by 
microbial fermentation of their sugar. In Brazil and the United States, sugarcane 
and corn together account for about 70% of the world bioethanol production, 
respectively (Balat and Blat 2008). In the US, industry of biomass-energy 
production is rapidly expanding as about 40% of the corn goes to bioethanol 
production, and thus the price of corn for feed and downstream animal products is 
increasing (Anderson and Akin 2008). Therefore, biomass-energy need to produce by 
non-food Gramineae plants which were avoiding feedstock conflicts with food 
production bioethanol from Gramineae plants is three step processes. The first step 
is cellulose and hemicelluloses are separated with high-temperature and 
high-pressure or chemicals from biomass of Gramineae plants (Pretreatment). The 
second step is that cellulose and hemicelluloses were broken into monomeric sugar 
(i.e. glucose and xylose) by diastatic enzyme (simultaneous saccharification and 
fermentation). The third step is that these sugars were converted to ethanol by 
microbial fermentation (Ethanol fermentation). Erianthus spp., pampas grass 
(Cortaderia selloana), switchgrass (Panicum virgatum), Miscanthus spp. and napier 
grass (Pennisetum purpureum) are potential materials for bioethanol production, 
because of these plants produced large amounts of biomass yield, tolerant against 
abiotic and biotic stresses and require low water and nitrogen input. In 
biomass-energy Gramineae plants, however, have same problem for bioethanol 
production.  In environmental aspect, large number of their seeds disperses widely 
and they become troublesome weeds and alien plants, which cause adverse effect on 
environment (Henry and Scott 1981; Heady 1956). In economical aspect, current 
technologies of bioethanol production are high cost because of enzyme is expensive, 
which is production cost US$79.25 per 1000 L bioethanol whereas maize grain 
ethanol production cost is US$2.64-5.28 (Sainz MB 2009). To improve of breeding 
objectives, it is now expected to achieve genetic transformation system in 
biomass-energy Gramineae plants. Therefore it is necessary to establish plant 
regeneration and genetic transformation systems in biomass-energy Gramineae 
plants.   
We selected ravennae grass (Erianthus ravennae), E. arundinaceus and pampas 
grass (Cortaderia selloana) for explants. E. ravennae and E. arundinaceus are C4 
type perennial grasses which form large clumps with stout stems and linear leaves. 
Erianthus spp. produced large amount of biomass (the yearly dry-matter yield: 
40-60 ton per ha) which was than that of Miscanthus spp. (12-40 ton per ha) and 
swichgrass (7-35 ton per ha) (Hattori et al. 2010). C. selloana is native to Aregentia 
and an ornamental perennial giant grass for landscaping in worldwide. And they 
have a high biomass yield (it can grow to 3 m tall), growth in a wide range of 
climates and low input needs (Hornbank 1994). 
 
Plant regeneration system in Gramineae plants 
 A great number of plant regeneration systems has been established in many 
Gramineae plants, important cereal plants such as maize (Green and Philips 1975), 
sugarcane (Ho and Vasil 1983), sorghum (McKinnon et al. 1986) and rice (Sandlhu 
et al. 1995). Those systems with some modifications have been used in genetic 
transformation system. Plant regeneration system in biomass-energy Gramineae 
plants, i.e. switchgrass (Denchev and Conger 1995), napier grass (Haydu and Vasil 
1981) and Miscanthus spp. (Holme and Petersen 1996) have been reported.  
In Erianthus spp. and pampas grass, callus induction and plant regeneration have 
been achieved (Robacker and Corley 1992; Robacker 1995; Jalaja and Sreenivasan 
1999; Uwatoko et al. 2011). However, no detailed studies have been reported on the 
effects of different plant growth regulators on callus formation and shoot 
regeneration. Therefore, we tried to develop efficient callus induction and plant 
regeneration systems of ravennae grass, E. arundinaceus and pampas grass. 
 
Agrobacterium-mediated transformation system in Gramineae plants 
 Genetic transformation system using Agrobacterium-mediated methods are 
convenient and efficient tools. Because of Gramineae plants are naturally outside of 
the host range of A. tumefaciens, the development of systems for the genetic 
transformation of cereal plants has been difficult (Hiei et al. 1997). Nonetheless, 
successful Agrobacterium-mediated transformation systems of Gramineae plants 
have been reported in rice (Hiei et al. 1994), maize (Ishida et al. 1996), sugarcane 
(Arencibia et al. 1998) and sorgum (Zhao et al. 2000). In biomass-energy Gramineae 
plants for cellulosic ethanol, only in switchgrass, there has reported of 
Agrobacterium-mediated. In switchgrass, transgenic plants expressing gus gene 
have been reported as the first successful Agrobacterium-mediated transformation 
(Somleva et al. 2002). In the past few year, a number of genetic transformation 
methods have been developed for switchgrass (Xi et al. 2009; Chen et al. 2010; ; Li 
and Qu 2011; Ramamoorthy and Kumar 2012; Song et al. 2012). Recently, 
transgenic switchgrass down-regulating cinnamyl-alcohol dehydrogenase (CAD) or 
caffeic acid 3-O-methyltransferase (COMT) genes by RNA silencing increased 
ethanol production yield because of these genes reduced lignin content which was 
bind strongly to the cellulose and inhibit cellulose extraction in the cell walls and 
increased saccharification efficiency (Aaron et al.2011; Fu et al. 2010). Here, gene 
transfer approach may provide a powerful tool for improvement of biomass-ethanol 
production and be possible to extend this approach to other important genus in 
biomass-energy Gramineae plants. However, there has no report of genetic 
transformation system in Erianthus spp. and Cortaderia spp.. Therefore, we tried to 
develop Agrobacterium-mediated transformation systems of E. ravennae. 
 
Aim of this study and outline of the thesis 
The objective of this study is to establish the plant regeneration systems in E. 
ravennae, E. arundinaceus and C. selloana and genetic transformation system in E. 
ravennae, which are important biomass-energy Gramineae crop plants. In Chapter 
2, an efficient plant regeneration system from seed-derived callus of E. ravennae 
was established. In Chapter 3, an efficient plant regeneration system from leaf 
sheath-derived callus of E. arundinaceus was established. In Chapter 4, an efficient 
plant regeneration system from cell suspension cultures of C. selloana was 
established. Based on the protocol of Chapter 2, Agrobacterium-mediated 
transformation in Chapter 5 of E. ravennae was presented with removing MS salts 
and vitamins in infection and co-cultivation media and inhibiting the DNA silencing 
of transgenic calli with sulfamethazine.  
Finally, in chapter 6, general discussion of conclusion of results obtained in this 
study was described and prospect for further investigation was also described. 
  
  
 
 
 
Chapter 2 
Efficient plant regeneration system from seed-derived callus of ravenna grass 
[Erianthus ravennae (L.) Beauv.] 
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Introduction 
Ravenna grass [Erianthus ravennae (L.) Beauv.] is a perennial grass native to 
South Europe and West Asia. This plant species forms large clumps with stout 
stems of 3-4 m high with linear leaves of up to 1.5 m long and possesses tough root 
systems. It produces beautiful silky and hairy flower plumes with grayish or 
purplish color of 30-90 cm long, which becomes white in autumn. Consequently, it 
has been used as ornamental plant and for stabilizing soil to prevent erosion 
worldwide. As the genus Erianthus is a wild relative to Saccharum, important traits 
such as drought and soil salinity resistances have successfully been transferred 
from Erianthus to Saccharum by intergeneric hybridization (Aitken et al. 2007; 
D'Hont et al. 1995). Due to its efficient C4 type photosynthesis, high biomass yield, 
excellent tolerance against various environmental stresses and low input needs 
(Hattori et al. 2010; Thetford et al. 2009), Erianthus spp. have a great potential to 
become an important biomass-energy crop (Samson et al. 2005; Deren et al. 1991). 
There is an increasing interest in the production of bio-fuels including cellulosic 
bioethanol from biomass grass species such as E. ravennae, which are also helpful 
to reduce ambient CO2 concentration by neutralizing carbon. However, in perennial 
biomass grass crops, large number of seeds disperses widely and they may become 
troublesome weeds and alien plants, which may cause adverse effect on 
environment (Henry and Scott 1981; Heady et al. 1956). For the breeding of 
Erianthus spp., therefore, it is expected to incorporate important traits such as 
increased biomass, resistances to pests, diseases, salts and drought, as well as male 
sterility into these biomass crops by genetic transformation methods. For a 
successful transformation, however, an efficient regeneration protocol is a 
prerequisite (Zhao et al. 2000; Ishida et al. 1996; Delbreil et al. 1992).  
In Erianthus, callus induction and plant regeneration of E. elephantinus Hook. F. 
and E. arundinaceus (Retz.) Jeswiet have been achieved (Jalaja and Sreenivasan 
1999; Uwatoko et al. 2011). However, no detailed studies for callus formation and 
shoot regeneration have been reported for E. ravennae. In the present study, 
therefore, we report for the first time a highly efficient callus induction and plant 
regeneration system from seeds of E. ravennae. Our system might be used for 
efficient propagation of elite clones and to improve various traits in this species by 
genetic transformation.  
 
Materials and methods 
Plant material and callus induction 
Mature seeds of Erianthus ravennae (L.) Beauv. purchased from a commercial 
source (Pase Seeds, New York, USA; Lot number 173042) were used for establishing 
an efficient plant regeneration system through callus induction. The seeds were 
surface-sterilized by soaking in 70％ (v/v) ethanol for 1 min and then 1％ (v/v) 
sodium hypochlorite solution containing a few drops of Tween-20 for 15 min, and 
rinsed 3 times with sterile water. The seeds were then cultured for callus induction 
on Murashige and Skoog (MS) basal medium (Murashige and Skoog 1962) 
supplemented with both 2,4-D (2,4-dichlorophenoxyacetic acid; Wako Pure 
Chemical Industries, Osaka, Japan) at 0.5, 1, 2 and 4 mg l-1 and BA 
(6-benzyladenine; Wako Pure Chemical Industries, Osaka, Japan) at 0, 0.1 and 0.2 
mg l-1. Each medium contained 30 g l-1 maltose, 1 g l-1 casamino acids (Casamino 
Acids DAIGO; Nihon Pharmaceutical Co., Ltd., Tokyo, Japan) and was solidified 
with 8 g l-1 agar (Wako Pure Chemical Industries, Osaka, Japan). The pH of all 
media was adjusted to 5.7±1 and then sterilized by autoclaving at 121°C at 1.4 kg 
cm-2 for 15 min. The seeds were inoculated in 90×20 mm plastic Petri dishes, each 
containing 9 seeds on 40 ml medium, and incubated at 25±1°C and 55-80 % relative 
humidity. The data were recorded after 2 weeks of culture and the experiment was 
repeated three times.  
 
Subculture of callus  
Primary calli induced from mature seeds on callus induction media with various 
concentrations of 2,4-D and BA were subcultured on 0.8 g l-1 agar-solidified MS 
basal medium supplemented with 2 mg l-1 2,4-D, 1 g l-1 casamino acids and 30 g l-1 
maltose. For the subculture, the calli were divided into small pieces (50-100 mg 
fresh weight), and transferred onto 90×20 mm plastic Petri dishes, each containing 
40 ml medium, by inoculating ca. 50 callus pieces per plate. They were kept under 
the same dark conditions and subcultured every 2 weeks for 3-5 months.  
Three types of calli obtained during the subculture were characterized by their 
relative water contents and growth rates. Relative water contents of calli were 
calculated by the following formula: (Wf - Wd)/Wf × 100, where Wf and Wd denote 
fresh weight and dry weight of callus, respectively. Dry weight was measured after 
drying at 65°C for 4 days in incubator (Incubator IC-300; AS ONE Corporation, 
Osaka, Japan). Callus growth rate was calculated by dividing final callus fresh 
weight by initial weight after each subculture of 14 days.  
 
Shoot regeneration from callus 
Four months after subcultures on the callus maintenance medium, the calli 
induced on MS medium containing 4 mg l-1 2,4-D and 0.1 mg l-1 BA were transferred 
onto MS basal medium supplemented with combinations of different concentrations 
(0, 0.25, 0.5 and 1 mg l-1) of NAA (naphthaleneacetic acid; Sigma-Aldrich, St, Louis, 
MO, USA) and either BA or kinetin (6-furfurylaminopurine; Sigma-Aldrich, St, 
Louis, MO, USA) at 0.1, 0.5, 1, 2 and 4 mg l-1. Each medium was supplemented with 
30 g l-1 sucrose, 1 g l-1 casamino acids and solidified with 3 g l-1 gellan gum (GelzanTM 
CM; Sigma-Aldrich, St. Louis, MO, USA) in 90×20 mm plastic Petri dishes, each 
containing 40 ml of medium. The cultures were incubated in growth room at 25±1°C 
under light conditions with 16/8h (light/dark) photoperiod of 30-40μmol m-2 s-1 with 
cool white florescent light. The same culture conditions were also used for the 
subsequent root induction and acclimatization processes. 
The data of regenerated shoots were recorded after 5 weeks of culture. Plant 
regeneration was evaluated as the percentage of the number of callus with shoot 
formation to total number of callus cultured on regeneration medium. 
 
Rooting from regenerated shoots 
Regenerated shoots were detached from calli and transferred onto half-strength 
MS basal medium supplemented with 30 g l-1 sucrose and 3 g l-1 gellan gum in 
90×20 mm plastic Petri dishes until they produce roots and 2 cm long leaves. Then 
the rooted plants were transferred onto the same medium in 25×150 mm glass test 
tubes.  
 
Acclimatization and cultivation of regenerated plants 
Well grown (10-12 cm) and rooted plantlets were removed from culture tubes, 
washed carefully the roots with sterile water to remove the medium, transplanted 
to 125×75 mm glass bottles (1 shoot per bottle), each containing sterilized medium 
consisting of 15 g vermiculite, 15 g soil and 30ml distilled water. After 3 weeks of 
incubation, bottle caps were removed and the plantlets were kept for one week at 
room temperature for acclimatization and further growth. Then they were 
transferred into pots containing the same mixture of vermiculite and soil, and kept 
in the greenhouse for further cultivation. 
 
Data analysis 
The data obtained for the callus induction, relative water content, callus growth 
rate and shoot regeneration were subjected to the analysis of variance (ANOVA) 
using the SPSS statistical package. Tukey’s HSD test was performed to identify 
significant differences among the treatments, with significance level of P < 0.05. 
The arcsine transformation was performed on all percentage data before statistical 
analysis. 
 
Results and Discussion 
Primary callus induction  
 Mature seeds of E. ravennae germinated 4-5 days after sowing on MS medium 
containing different concentrations of 2,4-D and BA under the dark condition. The 
percentage of germinated seeds on these media ranged from 79 to 85% and no clear 
effect of 2,4-D and BA on the germination percentage was observed (data not shown). 
Similar results were obtained in Indian grass (Sorghastrum nutans L.) (Li et al. 
2009), in which no clear relationship was observed between germination frequency 
of mature seeds and the concentrations of plant growth regulators tested.  
In many grasses, callus has been induced by single application of auxin or by using 
a combination of auxin and cytokinin as plant growth regulators in the medium. 
One of the most commonly used auxins for callus induction of grass species is 2,4-D, 
which was sometimes used in combination with cytokinins such as BA and kinetin. 
In sugarcane (Joyce et al. 2010) and centipedegrass (Yuan et al. 2009), callus was 
efficiently induced on medium supplemented with 2,4-D alone, while 2,4-D together 
with low level of BA was effective for callus induction in miscanthus (Głowacka et al. 
2010), bermudagrass (Chaudhury and Qu 2000) and Kentucky bluegrass (van der 
Valk et al. 1995). In the present study, mature seeds of E. ravennae initiated to 
produce calli within 10 days of culture in the dark on almost all the culture media 
expect for 2,4-D free medium (Figure 1A). After 5 weeks of culture, almost 80% or 
higher callus induction rates were obtained on medium containing 2 -4 mg l-1 2,4-D, 
and co-existence of a low concentration (0.1 mg l-1) of BA slightly increased the 
percentage at 2 mg l-1 2,4-D. The highest percentage of callus induction (ca. 96%) 
was obtained on medium containing 4 mg l-1 2,4-D and 0.1-0.2 mg l-1 BA (Table 1).  
 
Different type of callus induced during subculture 
It has been reported that repeated subculture of primarily induced callus on the 
callus induction medium was important for obtaining the callus with shoot 
regeneration ability (Holme and Petersen 1996; Ntui et al. 2010; Petersen 1997). In 
zoysia grass, embryogenic callus that had yellow color and compact morphology was 
obtained after 1 month of subculture (Dhandapani et al. 2008). In the present study, 
although most of the calli induced from mature seeds had white color and watery 
nature (Figure 1B), various types of calli (Figure 1C) were formed on the surface of 
primarily induced watery calli after 2 months of culture. Consequently, 3 type of 
calli were obtained after 3 months of subcultures under dark conditions on calls 
maintenance medium containing 2 mg l-1 2,4-D and 1 g l-1 casamino acids (Figure 
1D). 
The characteristics of the three types of calli are as follows: type A with white, 
compact and easy to convert to primary callus than other types of callus (Figure 
2a-1); type B with pure white, dry and hard (Figure 2b-1); and type C with similar 
nature to primary callus, i.e., white, watery, soft, sticky and slower growth than 
other types (Figure 2c-1). After one month of culture on maintenance medium, 
relative water content and growth rates were compared among these 3 types of 
callus (Table 2). As the results, type C callus had higher water content than type A 
and type B callus, while type A callus showed the highest callus proliferation during 
the subculture.  
 
Difference in shoot regeneration ability among 3 types of calli  
When these 3 types of calli were transferred onto shoot regeneration medium 
containing 1 mg l-1 BA, 0.25 mg l-1 NAA and 1 g l-1 casamino acids and cultured 
under light condition, the type A compact callus showed higher shoot regeneration 
ability (88.9%) than the type B and type C compact calli. In type A callus, purple 
and green spots appeared soon after the transfer and the green spots developed into 
shoot buds after one week of culture. They developed into multiple shoots after 3 
weeks of culture and attained to be longer than 15mm in length after 6 weeks 
(Figure 2a-2). In type B callus, shoot buds developed into the same size of shoots 
only after 3 weeks of culture (Figure 2b-2), suggesting its earlier shoot regeneration 
ability than the type A callus although 82.5% of type B callus turned brown. In 
contrast, type C callus rarely regenerated shoots, and 90% of the calli remained 
highly moistened and non-compact (Figure 2c-2). According to these results, we 
selected type A callus for shoot regeneration in the following experiments since it 
showed high ability for callus proliferation and shoot regeneration.  
 
Effects of cytokinin on shoot regeneration 
Since type A callus showed higher rates of both callus proliferation and shoot 
regeneration than other two types of callus, it was selected as the material for 
comparing the effect of two cytokinins, BA and kinetin, in combination with NAA as 
an auxin, on the shoot regeneration under light condition. Shoot regeneration 
occurred on all tested media after 2 weeks of culture (Figure 1E) even in the absence 
of plant growth regulators although the frequency was low (Figure 3 and 4). On 
medium containing 1 mg l-1 BA in combination with 0.1 to 0.25 mg l-1 NAA, the 
shoots were produced at the highest percentage (ca. 90%) after 5 weeks of culture 
(Figure 3). In contrast, higher concentration (1 mg l-1) of NAA inhibited shoots 
regeneration and sometimes induced albino shoots. Higher concentrations of BA (2 
and 4 mg l-1) inhibited not only shoot regeneration but also callus or shoots growth 
irrespective of the concentrations of NAA.  
Replacement of BA by kinetin gave reduced efficiency of shoot regeneration from 
callus and slow shoot growth at all the concentrations tested (0.1-4 mg l-1), and the 
highest efficiency was ca. 70%, which was obtained on medium containing 1 mg l-1 
kinetin and 0.5 mg l-1 NAA (Figure 4). The difference in shoot regeneration rates 
according to the kind of cytokinin was reported previously in bahiagrass (Grando et 
al. 2002) and switchgrass (Denchev and Conger 1994, 1995).  
 
Shoot growth and rooting  
The shoots produced in vitro were green and healthy-looking but had poorly 
developed root system. Therefore, shoots were transferred to glass test tubes 
containing hormone-free half-strength MS medium containing 30 g l-1 sucrose, 
solidified with 3 g l-1 gellan gum, for development of root system (Figure 1G). On 
this medium, rooting rate of shoots one month after the transfer reached 86.5%, 
though roots developed slowly. These in-vitro plants grew slowly at the initial stage 
but initiated vigorous growth 3 weeks after the transfer. Six weeks after transfer 
onto the hormone-free half-strength MS medium, plantlets were transplanted to the 
plastic pots containing a mixture of vermiculite and garden soil and kept in the 
greenhouse. Four months after the transfer to the greenhouse, all the plants grew 
normally to 20-30 cm in height (Figure 1H). 
In this study, we have successfully established the efficient method of plant 
regeneration system from seed-derived callus of ravenna grass by using MS 
medium containing 2,4-D and BA. Further studies on genetic transformation of 
ravenna grass are now in progress by using the plant regeneration system. 
  
  
 
 
 
Chapter 3 
Efficient plant regeneration system 
from leaf sheath derived callus of Erianthus arundinaceus  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
Biomass-energy is helpful to reduce ambient CO2 concentration by neutralizing 
carbon and avoid feedstock conflicts with food production of sugarcane and corn on 
farmland. Currently, there is an increasing interest in the production of 
biomass-energy including cellulosic bio-ethanol from Erianthus arundinaceus 
(Retz.) Jeswiet.. E aruncinaceus have efficient C4 type photosynthesis, which was 
contributed to high biomass yield and excellent tolerance against abiotic and biotic 
stresses and low water and nitrogen input needs (Hattori et al. 2010; Thetford et al. 
2009). For these reason, E. arundinaceus have great potential materials for 
biomass-energy plants (Samson et al. 2005; Matsuo et al. 2002; Deren et al. 1991). 
In E. arundinaceus, lignocellulose composition has been chemically characterized 
for the enzymatic saccharification efficiency as bio-fuel production (Yamamura et al. 
2013). To actual utilize E. arundinaceus. as a biomass-energy plant, the 
improvement of important traits, such as biomass yield, resistances to pests and 
diseases, tolerance salts and drought, by genetic transformation methods is 
required. An efficient regeneration protocol is a prerequisite for successful 
biotechnological application such as genetic transformation (Zhao et al. 2000; Ishida 
et al. 1996; Delbreil et al. 1992). So far, there were few reports on callus induction 
and plant regeneration in Erianthus. Jalaja and Sreenivasan (1999) reported plant 
regeneration and cytological studies on somaclones of E. elephantinus Hook. F.. 
Uwatoko et al. (2011) reported plant regeneration system of E. arundinaceus  
using MS medium without plant growth regulators (PGRs). In these studies, plant 
regeneration efficiency with PGRs from callus has not been explored. To future 
improve plant regeneration efficiency for Erianthus, therefore, we developed 
efficient callus induction and plant regeneration system from leaf sheath segments 
of E. arundinaceus. Our system is suitable for micropropagation of elite clones and 
genetic transformation using particle bombardment and Agrobacterium-mediated 
methods. 
 
Materials and methods 
Plant materials  
The seeds of Erianthus arundinaceus (Retz.) Jeswiet. were collected at Kunming 
Botanical Garden, Yunnan, China. In vitro plants were established for efficient 
plant regeneration system through callus culture. The seeds were surface-sterilized 
with 70% (v/v) ethanol for 1 min and 1% (available chlorine) sodium hypochlorite 
solution containing a few drops of Tween-20 for 15 min. After rinsing 3 times with 
sterile water, the seeds were then cultured on MS medium (Murashige and Skoog 
1962) containing 30 g l-1 sucrose and 8 g l-1 agar. The pH of all media was adjusted 
to 5.8 and then sterilized by autoclaving at 121°C at 1.4 kg cm-2 for 15 min. The 
approx.10 seeds were cultured in Petri dishes (100 × 20 mm) containing 40 ml 
medium until they germinated and incubated at 25±1°C under a 16 h photoperiod at 
35 μmol m-2 s-1 with cool white florescent light. The same culture conditions were 
also used for the subsequent shoot regeneration and root induction process. The 
shoots with ca. 3 leaves (ca 2cm in height) were transferred onto the 100 ml of same 
medium in 75 × 125 mm glass bottle (1 shoot per bottle).  
Callus induction and subculture 
For callus induction, leaf sheath explants were prepared from in vitro-grown 
plants (15-20 cm in height×1-3 mm in diameter). Aerial parts were collected by 
cutting at 1-1.2 cm above root, basal parts were cut into 3-7 mm long segments. The 
leaf sheath segments were then cultured on callus induction medium [MS basal 
medium supplemented with 4 or 6 mg l-1 2,4-D (2,4-dichlorophenoxyacetic acid; 
Wako Pure Chemical Industries, Osaka, Japan), 30 g l-1 maltose and was solidified 
with 8 g l-1 agar]. Nine leaf sheath segments were placed in Petri dishes containing 
40 ml medium and were incubated at 25±1°C under the dark condition. Callus 
induction efficiency was calculated as the ratio of number of callus-inducing leaf 
sheath segments to total number of leaf sheath segments cultured. Primary calli 
induced from leaf sheath segments on callus induction media containing 4 mg l-1 
2,4-D were subcultured on callus maintenance medium (8 g l-1 agar-solidified MS 
basal medium supplemented with 2 mg l-1 2,4-D and 30 g l-1 maltose). These calli 
were divided into small pieces (ca. 4 mm in diameter) and 20 pieces of calli were 
transformed onto same medium. They were kept under the same dark conditions 
and subcultured every 3 weeks for 3-5 months. Types of calli obtained during 
subculture were characterized by visual selection, histological observation, growth 
rate and shoot regeneration ability after 4 months of culture. For histological 
observation, calli were squashed and fixed on slide glass and observed cell figure 
and density under a light microscope (BX60 microscope, Olympus Corporation, 
Tokyo, Japan). Microscopic images were taken with digital camera (DP72 digital 
camera for microscope, Olympus Corporation, Tokyo, Japan) equipped with 
microscope. Growth rate of callus was calculated by dividing final fresh weight by 
initial fresh weight of callus each subculture of 2 weeks.  
 
Shoot regeneration from callus 
After 5 months of subcultures in callus maintenance medium, calli were 
transferred onto MS medium supplemented with BAP (6-benzylaminopurine; Wako 
Pure Chemical Industries, Osaka, Japan) at 0, 0.5, 1, 2, 3 mg l-1 and NAA 
(naphthalenacetic acid; Sigma-Aldrich, St, Louis, MO, USA) at 0 and 0.1mg l-1. All 
the regeneration media contained 30 g l-1 sucrose and 8 g l-1 agar in plastic Petri 
dishes, each containing 40 ml of medium. Ten of callus pieces (ca 4 mm) were 
cultured on single plate and three plates (total 30 calli) were used for each 
treatment. The experiment was independently replicated for three times. Efficiency 
of shoot regeneration was calculated as the ratio of number of callus with 
regenerated shoots to total number of cultured callus cultured on regeneration 
media after 2 months.  
 
Flow cytometry (FCM) analysis 
The ploidy levels of the control plants and regenerated plants were determined by 
FCM using Ploidy Analyzer (Partec, Munster, Germany). To release nuclei, about 
5×5 mm2 leaf segments were chopped with a razor blade in 0.2 ml of solution A of 
Plant High Resolution DNA kit type P (Partec) in a plastic Petri dish. After 
incubating the crude nuclear suspension for 5 min at room temperature, 2ml of 
staining solution [100 mM Tris–HCl, 2 mg l-1 DAPI (4’,6-diamidino-2-phenylindole 
dihydrochloride), 0.1% (v/v) Triton X-100 and 2 mM MgCl2, pH 7.5] were added to 
the crude suspension and filtered through a 40 μm nylon mesh. After 1 min 
staining, the nuclear suspension was subjected to measurement of the relative 
nuclear DNA content on a linear scale histogram. 
 
Rooting from regenerated shoots 
Regenerated shoots with ca. 3 leaves were transferred for root induction onto 8 g l-1 
agar solidified half-strength MS basal medium with 30 g l-1 in plastic Petri dishes 
until they grow up to 5 cm long. Then, they were individually transferred into 75 × 
125 mm glass bottle containing  100 ml of the same medium. Well grown (12-15 
cm) and rooted plantlets were removed from medium, washed with water and then 
transplanted to pots containing sterilized vermiculite and soil (2:1) in the growth 
chamber (BioTRON, Nippon Medical and Chemical Instruments Co, Osaka, Japan) 
at 22°C under 14h photoperiod for acclimatization. After 3 weeks, they were 
transferred to greenhouse for further growth. 
 
Data analysis 
The data obtained for the callus growth rate and shoot regeneration rate were 
subjected to the analysis of variance (ANOVA) using the SPSS statistical package 
(SPSS Statistics 17.0; IBM, NY, USA). T test for callus growth rate and Tukey’s 
HSD test for shoot regeneration rate were performed to identify significant 
differences among the treatments with significance level of P < 0.05. The arcsine 
transformation was performed on all percentage data before statistical analysis. 
 
Results and Discussion 
Induction of calli 
In Sorghastrum nutans and Digitaria sanguinalis, the calli have successfully been 
induced from mature stem segments containing leaf sheaths (Le et al. 1997; Li et al. 
2009). Similar results were obtained in E. arundinaceus. After 40 days of culture 
under the dark conditions, calli were formed at both cutting ends of leaf sheath 
segments cultured on the medium supplemented with 4 or 6 mg l-1 2,4-D as auxin 
(Figure 5a) at high percentage (83.2±2.5 or 80.1±3.1%). The primarily calli induced 
from leaf sheath segments had gray color and watery nature. Previous studies have 
been reported that repeated subculture of auxin-mediated primarily calli was 
important to obtain the callus with different morphology and shoot regeneration 
ability in Digitaria exilis, Zoysia matrella and Miscanthus x ogiformis (Ntui et al. 
2010; Dhandapani et al. 2008; Holme and Petersen 1996).  
 
Different types of callus induced during subculture 
It has been reported that shoot regeneration ability were different among different 
morphologically calli in sugarcane (Wamaitha et al. 2010; Chengalrayan and 
Gallo-Meagher 2001; Matsuoka et al. 1998; Ho and Vasil 1983). Similar result was 
reported that compact calli were capable to shoot regeneration in E. arundinaceus 
(Uwatoko et al. 2011). In the present study, on the medium supplemented with 2 mg 
l-1 2,4-D, two different types of calli were formed on the surface of primarily calli 
after 2 months of subculture. The characteristics of the two types of calli are as 
follows: type A, yellow, compact without browning (Figure 6a) and type B, similar 
nature to primary callus, i.e., white, watery and soft (Figure 6b). Cell structures of 
these calli were detected by histological observation. Type A callus tissues consisted 
of same size of cells, each of which was surround by distinct cell layer (Figure 6a-1), 
while type B callus tissues showed various sizes cell and non-cell layer (Figure 6b-2). 
After 1 month of culture on maintenance medium, growth rates were compared 
among these 2 types of callus (Table 3). As the results, type A callus showed be lower 
than type B callus on the callus growth. These results showed that 2 types of calli 
produced from primarily calli were showed different cell structures and growth rate 
of calli and can be visually differentiated by their morphology in E. arundinaceus.    
 
Difference in shoot regeneration ability between two types of calli  
When these 2 types of calli were transferred onto shoot regeneration medium 
containing 0.5 mg l-1 BA and 0.1 mg l-1 NAA and cultured under light condition, the 
compact type A callus showed higher shoot regeneration ability (80.6±2.7 %) than 
type B callus (11.1±4.5 %) (Table 3). In type A callus, purple and green spots (Figure 
5b) were appeared after 1 week of the culture without turning brown and the green 
spots developed into shoot buds after 2 weeks of culture. And then, they developed 
into multiple shoots after 3 weeks of culture. In contrast, type B callus rarely 
regenerated shoots and easily turned brown after 3 weeks of culture. These results 
suggest that visually separation of calli can be selecting the calli with high shoot 
regeneration ability which was similar to plant regeneration system of sugarcane. 
According to these results, we used type A callus for shoot regeneration in the 
following experiments. 
 
Effect of cytokinin and ouxin on shoot regeneration 
Effect of BAP as cytokinin, in combination with NAA as an auxin was examined. 
Shoot regeneration was observed within 2 weeks of culture in all tested PGRs 
combinations including HF. After 1 month of culture, 1.5 cm of multiple shoots were 
observed on the calli and number of regenerated shoots per calli reached to > 20 
shoots per callus cluster (Figure 5c). This value was higher than previous reported 
(10 shoots per callus cluster) by Uwamoto et al. (2011), which induced shoots on 
PGRs-free medium after 4 weeks of culture. After 5 weeks of culture, on medium 
containing 1 mg l-1 BAP in combination with 0.1 mg l-1 NAA, the shoots were 
produced shoots at the highest percentage (83.3±1.7 %) (Figure 7). In contrast, 
higher concentration (2 and 3 mg l-1) of NAA inhibited shoots regeneration. We 
successfully improved shoot regeneration efficiency by using PGRs in E. 
arundinaceus. In many grasses, regenerated shoot has been induced by single 
application of cytokinin or by using a combination of cytokinin and auxin as PGRs 
in the medium. One of the most commonly used cytokinin for shoot regeneration of 
grass species is BAP, which was sometimes used in combination with auxins such as 
NAA and 2,4-D. In Arundo donax, shoots were efficiently induced on medium 
supplemented with BAP alone (Takahashi et al. 2012), while BAP together with low 
level of NAA was effective for shoot regeneration in Leptochloa fusca (Praveena et al. 
2012), Eremochloa ophiuroides (Barampuram et al. 2009) and Saccharum spp. 
(Franklin et al. 2006). In this study, shoot regeneration efficiency on medium 
containing 1 mg l-1 BAP and 0.1 mg l-1 NAA (ca. 80 %) was higher than that of 1 mg 
l-1 BAP alone (ca. 70 %). These results that cytokinin and auxin were essentials for 
shoot regeneration in E. arundinaceus. 
 
FCM analysis 
Healthy shoots induced on 8 g l-1 agar-solidified medium containing 0.5 mg l-1 BAP 
and 0.5 mg l-1 NAA were detached from the callus and transferred to 8 g l-1 
agar-solidified medium without PGRs. The shoots grew normally and rooted 
successfully (Figure 5d). The regenerated plantlets continued to grow normally 
after acclimatization and in the greenhouse (Figure 5e). No morphological 
differences were observed between regenerated plants and control seeding plants. 
Moreover, no variations in ploidy level were observed in the control plants and 
regenerated plants by FCM analysis (Figure 8). In the present study, we have 
successfully established the efficient method of plant regeneration system from leaf 
sheath derived callus of E. arundinaceus by using MS medium containing BAP and 
NAA. Further studies on genetic transformation of E. arundinaceus are in progress 
by using the present plant regeneration system. 
 
  
  
 
 
 
Chapter 4 
Plant regeneration from liquid callus cultures derived 
from mature seeds of pampas grass (Cortaderia selloana) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction 
Pampas grass [Cortaderia selloana (Schult. & Schult.f.) Asch. & Graebn.] is a dioecious plant 
native to Argentina, Brazil and Uruguay (Connor and Edgar 1974). It has been cultivated 
worldwide as an ornamental perennial giant grass for landscaping and cut and dry flowers due 
to 20-30 cm long beautiful spikes with yellow, white or pink colorations (Madison 1992). It also 
has a great potential to become a biomass-energy crop due to high biomass yield with 3 m tall 
plant height, adaptability to a wide range of climates and low needs of input (Hornback 1994). 
However, having the leaves with very sharp edges and large production of seeds which disperse 
widely would play negative roles in utilizing this species as an ornamental grass or 
biomass-plant. Improvement of such traits might be achieved through introduction of 
appropriate genes with transgenic technologies. Therefore, it is necessary to establish a highly 
efficient system for plant regeneration from cell and tissue cultures of C. selloana as a 
prerequisite for applying transgenic technologies. Robacker and Corley (1992) and Robacker 
(1995) previously reported efficient system for plant regeneration from immature inflorescence 
explants of C. selloana. However, no detailed studies have been reported on the effects of 
different plant growth regulators (PGRs) on callus induction and plant regeneration from other 
sources of explants. In gramineous and most other species, mature seed would be preferred 
material for the induction of calli with high plant regeneration ability (Seo et al. 2010; Zhang et 
al. 2012) because they can be stored for long-term, handled easily and are available throughout 
the year.  
Liquid culture of callus, such as suspension cultures, is important for micropropagation 
(Shimizu et al. 2003; Akutsu and Sato 2002) and genetic transformation (Ozawa and Takaiwa 
2010) because they could be multiplied a large number of cells in short-term. In the present 
study, therefore, we established the highly efficient system for callus induction, establishment of 
liquid culture of callus and plant regeneration from mature seeds of C. selloana. Our system 
might be applied for micropropagation of elite clones and for genetic transformation of this 
species using particle bombardment and Agrobacterium methods.  
 
Materials and methods 
Plant material 
Mature seeds of Cortaderia selloana (Schult. & Schult.f.) Asch. & Graebn. were collected at 
Kunming Botanical Garden, Yunnan, China and used for establishing an efficient plant 
regeneration system through callus induction.  
 
Callus induction and subculture 
 The seeds were surface-sterilized successively with 70% (v/v) ethanol for 1 min and 1% 
(available chlorine) sodium hypochlorite solution containing a few drop of Tween-20 for 15 min. 
After rinsing 3 times with sterile water, the seeds were then cultured for callus induction on MS 
medium (Murashige and Skoog 1962) containing 30 g l
-1 
maltose, 1 g l
-1
 casamino acids 
(Casamino Acids DAIGO; Nihon Pharmaceutical Co., Ltd., Tokyo, Japan), 8 g l
-1
 agar and 
either one of the following auxins: dicamba (3,6-dichloro-o-anisic acid; Wako Pure Chemical 
Industries, Osaka, Japan), NAA (1-naphthaleneacetic acid; Sigma-Aldrich, St. Louis, MO, 
USA), picloram (4-amino-3,5,6-trichloropicolinic acid; Sigma-Aldrich) or 2,4-D 
(2,4-dichlorophenoxyacetic acid; Wako Pure Chemical Industries) at different concentrations (0, 
1, 2, 5, 8 and 10 mg l
-1
). The pH of all media was adjusted to 5.8 before autoclaving at 121°C at 
1.4 kg cm
-2
 for 15 min. The seeds were inoculated in plastic Petri dishes (100 × 20 mm) each 
containing 40 ml medium, and incubated at 25±1°C under the dark condition. Twenty seeds (10 
seeds per plate) were used for each treatment and the experiment was independently replicated 3 
times. Callus induction was observed after 5 weeks of culture and efficiency of callus induction 
was calculated as the ratio of number of callus-inducing seeds to total number of seeds cultured. 
Three callus lines, which were induced from different seeds on callus induction media with 
either 5mg l
-1
 dicamba, NAA, picloram or 2,4-D, were selected for further experiments. These 
calli were divided into small pieces (ca. 3 mm in diameter) and 30 pieces of calli were 
transferred onto 8 g l
-1
 agar-solidified MS basal medium supplemented with 1 g l
-1
 casamino 
acids, 30 g l
-1 
maltose and 2 mg l
-1
 dicamba, NAA, picloram or 2,4-D. Compact and white calli 
obtained during the subculture were maintained for further experiments by bi-weekly 
subculture. 
 
Establishment of liquid culture of callus 
For induction of liquid cultures, 3 g fresh weight of compact callus, which had been 
subcultured on callus maintenance medium for 3 months, were transferred into 100 ml flasks 
each containing 50 ml of liquid MS medium with 30 g l
-1
 maltose and 2 mg l
-1
 dicamba, NAA, 
picloram or 2,4-D. They were cultured at 25±1°C under the dark condition on a gyratory shaker 
(100 rpm) for 2 weeks. In each line, calli from 3 flasks were collected on a 60 μm (pore size) 
nylon sieve, weighed and then transferred into a fresh medium for subculture as described above. 
Growth rate of callus was calculated by dividing final fresh weight by initial fresh weight of 
callus after each subculture of 2 weeks. 
 
Shoot regeneration from liquid-cultured callus  
After 4, 8 and 12 months of subcultures in liquid medium, calli were transferred onto MS 
medium supplemented with BAP (6-benzylaminopurine; Wako Pure Chemical Industries) at 0, 
0.5 and 1 mg l
-1
, NAA at 0, 0.1 and 0.5 mg l
-1
 and GA3 (gibberellin A3; Wako Pure Chemical 
Industries) at 0.5 mg l
-1
. All the regeneration media contained 30 g l
-1
 sucrose, 1 g l
-1 
casamino 
acids and 8 g l
-1
 agar in plastic Petri dishes, each containing 40 ml medium. The cultures were 
incubated at 25±1°C under a 16 h photoperiod at 35 μmol m-2 s-1 with cool white florescent light. 
The same culture conditions were also used for the subsequent root induction process. Ten of 
callus pieces (ca. 3 mm) were placed on single plate and three plates (total ca. 0.9 g fresh 
weight) were used for each treatment. The experiment was independently replicated for three 
times. Efficiency of shoot regeneration was calculated as the ratio of number of callus with 
regenerated shoots to total number of callus cultured on regeneration media after 5 weeks of 
culture. 
 
Flow cytometry (FCM) analysis 
The ploidy levels of the calli and leaves of control and regenerated plants were determined by 
FCM using Ploidy Analyzer (Partec, Münster, Germany). To release nuclei, about 
approximately 100 mg of calli and 5 mm-square leaf segments were chopped with a razor blade 
in 0.2 ml of solution A of Plant High Resolution DNA kit type P (Partec) in a plastic Petri dish. 
After incubating the crude nuclear suspension for 5 min at room temperature, 2 ml of staining 
solution [100 mM Tris–HCl, 2 mg l-1 DAPI (4’,6-diamidino-2-phenylindole dihydrochloride), 
0.1% (v/v) Triton X-100 and 2 mM MgCl2, pH 7.5] were added to the crude suspension and 
filtered through a 40 m nylon mesh. After 1 min staining, the nuclear suspension was subjected 
to measurement of the relative nuclear DNA content on a linear scale histogram. 
 
Rooting of regenerated shoots 
Regenerated shoots with ca. 7 leaves were transferred for rooting onto 8 g l
-1
 agar-solidified 
half-strength MS medium with 30 g l
-1
 sucrose in plastic Petri dishes until they grew up to 4 cm 
long. Then, they were individually transferred into  75 × 125 mm glass bottle containing 100 
ml of the same medium. Well-grown (12-15 cm) and rooted plantlets were removed from 
medium, washed with water and then transplanted to pots containing sterilized vermiculite and 
soil (2:1) in the growth chamber (BioTRON, Nippon Medical and Chemical Instruments, Osaka, 
Japan) at 22 °C under 14 h photoperiod for acclimatization. After 3 weeks, they were transferred 
to greenhouse for further growth. 
 
Data analysis 
The data obtained for callus induction and callus growth rate and shoot regeneration 
frequencies were subjected to the analysis of variance (ANOVA) using the SPSS statistical 
package (SPSS Statistics 17.0; IBM, NY, USA). Tukey’s HSD test was performed to identify 
significant differences among the treatments, with significance level of P < 0.05. The arcsine 
transformation was performed on all percentage data before statistical analysis. 
 
Results and Discussion 
Effects of auxin on callus induction and growth in liquid culture  
Mature seeds of C. selloana were cultured on agar-solidified MS medium containing different 
concentrations of auxins for callus induction. In many grasses, the most commonly used auxins 
for callus induction are picloram (Aguado-Santacruz et al. 2001; Sener et al. 2008) and 2,4-D 
(Yuan et al. 2009; Joyce et al. 2010). Seeds were germinated after 5-7 days of sowing and then 
callus formation occurred from zygotic embryo and basal part of small shoot (ca. 5 mm) within 
2-3 weeks of culture on almost all the culture media except for PGR free and 1-2 mg l
-1 
NAA 
supplemented media. On media containing 1-2 mg l
-1 
NAA, seedling shoots were elongated to 5 
cm after 2 weeks of culture and then calli were produced from the base of shoots by 4 weeks of 
culture at low frequency. Almost 90% or higher callus induction rates were obtained on medium 
containing 2-8 mg l
-1
 picloram with the highest percentage (98.3 ±1.2%) at 5 mg l
-1 
and that 
containing 2-5 mg l
-1
 2,4-D with the highest (93.3±1.2%) at 5 mg l
-1
, respectively (Fig. 9). Most 
of the calli induced from mature seeds with picloram or 2,4-D were white and compact (Fig. 
10a). These compact calli could also grow as relatively compact cell clumps after transfer to 
liquid MS medium containing 2 mg l
-1
 picloram or 2,4-D. Proliferation of calli in liquid media 
containing picloram or 2,4-D increased 3 times higher than the media containing dicamba or 
NAA in fresh weight basis after 2 weeks of culture (Table 4). In liquid media containing 
picloram or 2,4-D, calli proliferated from 3 to 9 g fresh weight after 2 weeks of culture. On the 
other hand, calli cultured on agar-solidifed media proliferated from 3 to 3.5 g fresh weight. 
Since liquid media containing picloram or 2,4-D led significantly higher growth rate than that 
containing dicamba or NAA, we used liquid media containing picloram or 2,4-D for the 
subsequent experiments. 
 
Effect of BAP and NAA on shoot regeneration from suspension cultured calli 
After 4 months of liquid culture, the calli (Fig. 10b) were used for examining the effect of BAP 
and NAA on shoot regeneration. Calli turned yellow to green after 10 days of transfer (Fig. 10c), 
and regenerated multiple-shoots on all the tested media after 2 weeks of culture (Fig. 10d) even 
in the absence of plant growth regulators although the frequency was low (Fig. 11). The 2 kinds 
of calli induced by picloram and 2,4-D, respectively showed the same tendency of shoot 
regeneration ability in response to PGR conditions, and the highest shoot regeneration rates 
obtained after 5 weeks of culture on medium containing 0.5 mg l
-1
 BAP and 0.5 mg l
-1
 NAA 
were 92.1±5.6% in picloram-induced calli and 70.8±5.9% in 2,4-D-induced ones. 
 
Effects of the period of subcultures in liquid medium on growth rate, ploidy level and shoot 
regeneration ability of calli 
After subcultures for 4, 8 and 12 months in liquid medium with 2 mg l
-1
 picloram, the cells 
were used for examination of growth rate and ploidy level as well as shoot regeneration ability 
on 8 g l
-1
 agar-solidified medium containing 0.5 mg l
-1
 BAP and 0.5 mg l
-1
 NAA (Table 5). 
During the subcultures for 12 months, calli showed a similar morphology to and no change in 
growth rate from the original calli, but reduction in shoot regeneration ability was found with 
the progress of subcultures. Although 4 and 8 month-old calli maintained relatively high shoot 
regeneration ability at 85.4±1.9 and 77.0±4.6%, respectively (Table 5), 12 month-old calli 
showed drastic reduction of shoot regeneration ability. Results of FCM analysis revealed that no 
change in ploidy level of the calli from the original plants was observed till 8 months in 
comparison with the control plants by FCM analysis (Fig. 12a, b). However, 12 month-old 
suspension-cultured calli showed the appearance of the cells with tetraploid level (Fig. 12c) in 
one of the callus lines (line # 3) which showed lower shoot regeneration ability (8.3±2.8%) than 
other 2 lines (20.8±2.1, 22.9±2.6%) (Table 5). These results show that the mature seed-derived 
callus could be maintained in liquid medium containing 2 mg l
-1
 picloram for 8 months without 
loosing shoot regeneration ability and affecting ploidy levels. In sugar beet, decrease in 
regeneration ability of calli was closely related with genic DNA methylation (Maury et al. 2012). 
Therefore, it is also possible that reduced ability of shoot regeneration in C. selloana callus was 
also caused by DNA methylation during long-term subculture of 12 months. In barley, decrease 
in shoot regeneration ability of calli was associated with chromosomal aberrations (Singh 1986). 
In other species, calli with higher ploidy levels also showed reduced plant regeneration ability 
(Ochatt et al. 2000; Shiba and Mii 2005). Therefore, lower shoot regeneration ability in # 3 
callus line than that in other callus lines (lines # 1 and 2) observed after 12 months of subculture 
might be also related to the appearance of tetraploid cells in this callus line.  
 
Characterization of regenerated plants 
Healthy shoots with 7 leaves induced on 8 g l
-1
 agar-solidified medium containing 0.5 mg l
-1
 
BAP and 0.5 mg l
-1
 NAA were detached from the callus and transferred to 8 g l
-1
 agar-solidified 
half-strength MS medium without PGRs. The shoots grew normally and successfully rooted 
(Fig. 10e). The regenerated plantlets continued to grow normally after acclimatization and 
transferring to the greenhouse (Fig. 10f). No morphological differences were observed between 
control seedling plants and regenerated plants. Moreover, no variations in ploidy level were 
observed in the control plants and regenerated plants by FCM analysis (Figs. 4a, d). In this study, 
we have successfully established the efficient method of plant regeneration system from mature 
seed-derived callus of C. selloana via callus culture using liquid-MS medium containing 
picloram. Further studies on genetic transformation of C. selloana are now in progress by using 
our plant regeneration system, which will also be efficiently applied for the propagation of 
transgenic plants of C. selloana with desirable traits for ornamental plant as well as biomass 
plant. 
 
  
  
 
 
 
Chapter 5 
Agrobacterium-mediated transformation of ravenna grass  
[Erianthus ravennae (L.) Beauv.] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Introduction  
Ravenna grass [Erianthus ravennae (L.) Beauv.] is a C4 type photosynthesis and 
perennial grass native to South Europe and West Asia. It is recognized as 
biomass-energy Gramineae crop for cellulosic ethanol because of high biomass yield, 
excellent tolerance against various environmental stresses and low input needs 
(Deren et al. 1991; Samson et al. 2005; Thetford et al. 2009). In addition, the yearly 
dry-matter yield of Erianthus spp. (40-60 ton per ha) was higher than that of 
Miscanthus spp. (12-40 ton per ha) and swichgrass (7-35 ton per ha) (Hattori et al. 
2010). Therefore, Erianthus spp. have a potential biomass-energy crop. However, 
Erianthus spp. may become troublesome weeds and cause adverse effect on 
environment because of large number of seeds disperses widely (Heady et al. 1956; 
Henry and Scott 1981).For the breeding of Erianthus spp., therefore, it is expected 
to incorporate important traits such as increased biomass, resistances to pests, 
diseases, salts and drought, as well as male sterility into these biomass crops by 
genetic transformation methods. Agrobacterium-mediated transformation method 
has most widely been used for various plant species due to its feasibility without 
any special equipment. In biomass-energy Gramineae crop for cellulosic ethanol, 
there have been only in switchgrass, some reports of genetic transformation by 
Agrobacterium mediated transformation (Xi et al. 2009; Chen et al. 2010; Song et al. 
2012). However, there has been no report on the successful Agrobacterium mediated 
transformation of E. ravennae.  
In the present study, we reported an efficient system for producing transgenic 
plants of E. ravennae thorough Agrobacterium-mediated transformation by 
removing MS salts and vitamins in infection and co-cultivation media and 
inhibiting the DNA silencing of transgenic calli with sulfamethazine.  
To best of our knowledge, this is the first report on Agrobacterium mediated 
transformation system of E. ravennae. 
 
Materials and methods 
Callus and cell suspension cultures 
The plant regeneration system was established from calli obtained mature seeds of 
E. ravennae by using and modifying the method reported previously (Shimomae et 
al. 2013). For induction of liquid callus cultures, 3 g fresh weight of callus was 
transferred to 100 ml flasks, each containing 50 ml of MS liquid medium 
supplemented with 1 mg l-1 2,4-D, 0.2 mg l-1 BAP and 30 g l-1 maltose and cultured 
at 25±1°C under the dark condition on a gyratory shaker (100 rpm) by subculturing 
3 g fresh weight of cells to 50 ml of fresh medium every 2 weeks. The pH of all media 
was adjusted to 5.7±1 and then sterilized by autoclaving at 121°C at 1.4 kg cm-2 for 
15 min. The liquid callus cultures after 10 days subculture were used for the 
particle bombardment and Agrobacterium-mediated transformation. 
 
Sulfamethazine treatment using Particle bombardment 
 The calli were bombarded with the plasmid pGWB-UbiGFP (Figure. 13). Vector 
pGWB-UbiGFP harbored green fluorescent protein (gfp) gene under the control of a 
intron-ubiquitin (Ubi) prompter as reporter gene, neomycin phosphotransferase Ⅱ 
(nptⅡ) gene and hygromycin phosphotransferase (hpt) gene as selectable reporter 
genes in T-DNA region. The recombinant plasmid DNA was transferred and 
extracted for the preparation of Particle bombardment. Particle bombardment was 
conducted using the instruction of Helium Biolistic Particle Delivery System 
(Bio-Rad Laboratories, California, USA). 2 μg Plasmid DNA was precipitated with 
10 μg gold particles (1.6 μm diameter) through the addition of 10 μl of 2.5 M CaCl2 
and 4 μl of 100 mM spermidine. After precipitation, the particles were washed twice 
with 100% (v/v) ethanol and resuspended in 10 μl 100% (v/v) ethanol. The particles 
were pipetted onto microcarriers of the Biolistics Device. For bombardment, calli 
(c.a. 100 calli and 3 mm) were placed as a 1.5 cm diameter monolayer in 100×20mm 
plastic Petri dishes, each containing 40 ml medium (MS medium containing 1 mg l-1 
2,4-D, 0.2 mg l-1 BAP, 30 g l-1 maltose, 0.4 μM mannitol and 8 g l-1 agar) and were 
actuated for 1 day as an prior to bombardment osmotic treatment. Calli were 
bombarded at a distance 9 cm from the stooping plate using 1100 psi rupture disks. 
After 1day of bombardment, calli were transferred onto selection medium [MS 
medium containing 30 g l-1 maltose, 1 mg l-1 2,4-D, 0.1 mg l-1 BA, 50 mg l-1 
hygromycin (Hygromycin B; Wako Pure Chemical Industries, Osaka, Japan) and 2.5 
g l-1 gellan gum] and were subcultured to the same medium every 2 weeks for 6 
months.  For inhibition of DNA silencing, sulfametazine (4,6-Dimethysulfadizine; 
Tokyo Chemical Industry, Tokyo, Japan) treatment was examined following the 
procedure reported by Zhang et al. (2012). To determine the optimum concentration 
of sulfamethazine for the inhibiting DNA silencing, 6 months-old 
hygromycin-resistant calli were placed on the selection medium containing different 
concentration of sulfamethazine (0, 10, 20, 30, 40, 50, 100μM) and subcultured 
every 2 weeks to the fresh medium. After 2 months of sulfametazine treatments, 
GFP-expressed calli lines were transferred to shoot regeneration medium (MS 
medium containing 1 mg l-1 BAP, 0.1 mg l-1 NAA, 30 g l-1 sucrose, 50 mg l-1 
hygromycin and 2.5 g l-1 Gellan Gum). After 2 months of sulfamethazine treatment, 
GFP expression of hygromycin-resistant calli was examined to determine GFP rate 
and to screen GFP-expressed cells. 
 
Transformation procedure by Agrobacterium 
 Agrobacterium tumefaciens strain EHA 101 (Hood et al. 1986) carrying a binary 
vector pGWB-UbiGFP (Figure 13) was used in the experiments. A. tumefaciens was 
cultured in 20 ml liquid LB medium (10 g l-1 Tryptone Peptone, 5 g l-1 BactoTM Yeast 
extract and 10 g l-1 NaCl, pH7.0) containing 50 mg l-1 hygromycin, 50 mg l-1 
kanamycin (Kanamycin sulfate; Wako Pure Chemical Industries, Osaka, Japan) 
and 25 mg l-1 chloramphenicol (Sigma-Aldrich, St. Louis MO, USA). Overnight on a 
reciprocal shaker (120 rpm) at 28°C, for infection, 5 ml of Agrobacterium suspension 
culture (OD600=1.0) was added to 50 ml liquid MS medium containing 30 g l-1 
maltose, 2 mg l-1 2,4-D, 100 μM acetosyringone 
(3,5-dimethoxy-4-hydroxy-acetophenone; Sigma-Aldrich, St. Louis MO, USA) and 
10 mM MES (2-morpholinoethane-sulfonic acid; Wako Pure Chemical Industries, 
Osaka, Japan). The calli (fresh weight 30 g) were infected with Agrobacterium 
solution (OD600=0.1) for 15 min and then blotted dry with sterilized filter papers to 
remove excess bacteria. The explants were co-cultivated on MS medium containing 
30 g l-1 maltose, 2 mg l-1 2,4-D, 100 μM acetosyringone, 10 mM MES and 8 g l-1 agar, 
for 3 days at 25±1°C in the dark. To test the effect of basal medium on 
transformation efficiency, MS salts and vitamins were removed from infection and 
co-cultivation media. 
 
Selection of transgenic suspension-cultured cell and regeneration of shoot  
After 3 days of co-cultivation, the calli were washed with liquid MS medium 
containing 30 g l-1 maltose and 20 mg l-1 meropenem (Meropen; Dainippon 
Sumitomo Pharama, Osaka, Japan; Ogawa and Mii 2007) to remove Agrobacterium. 
The calli were then transferred onto selection medium (MS medium containing 30 g 
l-1 maltose, 1 mg l-1 2,4-D, 0.1 mg l-1 BAP, 20 mg l-1 meropenem, 50 mg l-1 hygromycin 
and 2.5 g l-1 gellan gum) and were subcultured to the same medium every 2 weeks. 
After 6 months of selection, hygromycin-resistant calli were transferred to shoot 
regeneration medium (MS medium containing 1 mg l-1 BAP, 0.1 mg l-1 NAA, 30 g l-1 
sucrose, 20 mg l-1 meropenem, 50 mg l-1 hygromycin and  2.5 g l-1 Gellan Gum). 
After 1 month of shoot regeneration, regenerated shoots were transferred to rooting 
medium (half-strength MS medium containing 30 g l-1 sucrose, 20 mg l-1 meropenem, 
50 mg l-1 hygromycin and 8 g l-1 agar). To inhibit of DNA silencing of transgene, the 
effect of basal medium on transformation efficiency, MS salts and vitamins were 
removed from infection and co-cultivation media. For inhibition of DNA silencing, 
hygromycin-resistant calli were subjected to sulfamethazine treatment for 2 
months. 
 
Visualization of GFP 
GFP expression was examined following procedure reported by Kaeppler et al. 
(2000). GFP-expressing florescence of callus explants was observed using an 
Olympus SZX9 dissecting microscope equipped with a GFP detection filter set 
(fluorescence mirror unit SZX-FGFP; Olympus, Tokyo, Japan). The filter system 
consisted of filters for detecting GFP (excitation 460-490 nm, emission 510 nm). 
Transient GFP-expression was examined after 1 week of selection. Stable 
GFP-expression was also examined hygromycin-resistant calli and regenerated 
shoots after 2 months sulfamethazine treatment. 
 
Polymerase chain reaction (PCR) analysis and Southern hybridization 
Total genomic DNA was extracted from leaves (0.5 g) of non-transformed and 
transformed plants of E. ravennae following the CTAB methods (Murray and 
Thompson 1980).  
Polymerase chain reaction (PCR) detection of hpt genes was performed with 
genomic DNA and Taq-DNA polymerase (Takara, Tokyo, Japan). The primers used 
to amplify a 1700 bp fragment of hpt gene were following set of primers; 
HPT-1 (5’-ACA GCG TCT CCG ACC TGA TGC A-3’)  
HPT-2 (5’-AGT CAA TGA CCG CTG TTA TGC G-3’) 
 Thermal cycle of PCR is followed: 30cycles of 94°C for 1 min, 59°C for 1 min and 
72°C for 1.5 min.  
For Southern hybridization, 10μg of genomic DNA was digested overnight with 
HindⅢ, which cuts a single site within the T-DNA and separated on a 0.8 % agarose 
gel. Digested DNA were transferred to a nylon membrane (Immobilon-Ny + 
Transfer Membrane; Millipore Co, Billerica, MA, USA). The hpt probe (600 bp) 
was generated from pGWB-UbiGFP and labeled with DIG by the PCR DIG Probe 
Synthesis kit (Roche Diagnostics, Mannheim, Germany) and the following set of 
primers; 
HPT-1 (5’-ACAGCGTCTCCGACCTGATGCA-3’) 
HPT-2 (5’-AGTCAATGACCGCTGTTATGCG-3’) 
Southern hybridization was carried out as the manufacturer manuals. Membrane 
was finally exposed to a detection film (Lumi-Film Chemiluminescent Detection 
film; Roche Diagnostics, Mannheim, Germany) for 1 hour. 
 
Data analysis 
The data obtained for the hygromycin-resistant calli frequency and callus growth 
rate were subjected to the analysis of variance (ANOVA) using the SPSS statistical 
package (SPSS Statistics 17.0; IBM, NY, USA). T test for hygromycin-resistant calli 
frequency and Tukey’s HSD test for callus growth rate were performed to identify 
significant differences among the treatments with significance level of P < 0.05. The 
arcsine transformation was performed on all percentage data before statistical 
analysis. 
 
Results and Discussion 
Effect of Sulfamethazine treatment on DNA silencing 
The effect of sulfamethazine used for DNA silencing of transgene was assessed by 
hygromycin-resistant calli introducing the gfp gene with particle bombardment. 
Transient GFP spots were observed after 3 days of selection whereas the 
GFP-expression fluorescence was relatively weak in hygromycin-resistant calli after 
6 months of culture on selection medium (Figure 14 b-1, 2). It was seemed that DNA 
silencing of transgene would be occurred in hygromycin-resistant calli, effect of 
sulfamethazine in putatively transformed E. ravenna calli was examined. In genetic 
transformation, DNA silencing has been become negative aspect. It has been 
demonstrated that sulfamethazine is the factor suppressing DNA silencing and that 
GFP-expression and Km-resistant were restored after sulfamethazine treatment in 
transgenic Arabidopsis plant (Zhang et al. 2012). Other small molecules chemical 
substance, trichostatin A (TSA) and 5-aza-2’-deoxycyidine (5-adC) also inhibited 
DNA silencing (Patra and Bettuzzi 2009; Monneret 2005). Zhang et al. (2012) 
reported that sulfamethazine inhibited DNA silencing of transgene than other 
substance. Therefore, we used sulfamethazine for inhibiting DNA silencing in E. 
ravennae. In Arabidopsis, sulfamethazine also had cytosic effects for plants (Zhang 
et al. 2012). Efficient sulfamethazine concentration is a necessary prerequisite for 
suppression of DNA silencing. In this study, calli showed the GFP on medium 
containing 30-100 μM sulfamethazine after 2 month of treatment (Figure 14 c-1, 2).  
However, higher concentration (50-100 μM) sulfamethazine were turned brown and 
died within 1 month (Table 6). Although sulfamethazine was inhibited DNA 
silencing, it did not affect callus growth (Table 6), suggesting that genes of 
hygromycin-resistant and callus growth did not be DNA silencing. According to 
these results, we used 30μM of sulfamethazine for suppression of DNA silencing in 
the following experiments. Under the optimal sulfamethazine treatment, 
hygromycin-resistant calli observed GFP expression (Figure 14 c-1, 2) after 2 
months and successfully regenerated GFP-expression shoots (Figure 15 a, b). These 
results showed that non GFP expression might be caused by DNA silencing and 
recover by sulfamethazine in the transformed calli. However, further studies would 
be needed to reduce the reason for the DNA silencing of transgene in E. ravennae. 
 
Transformation by removing of MS salts and vitamins  
It has been reported that the removal of MS salts and vitamins in infection and 
co-cultivation media was effective for the Agrobacterium-mediated transformation 
in Lilium (Azadi et al. 2010). In this study, calli of E. ravennae were co-cultivated 
for 3 days with A. tumefaciens strain EHA 101 (pEKH2-UbiGFP). 
Hygromycin-resistant calli were produced within 3 months (Figure 16 a). By using 
MS medium as basal medium, hygromycin-resistant calli after 5 months of selection 
were observed at low levels (1.0±0.3 %). On the other hand, when removing MS salts 
and vitamins medium was used for infection and co-cultivation media, significant 
differences were observed in formation of hygromycin-resistant callus (8.5±0.9 %) 
(Figure 17). These results suggest that MS salts and vitamins in infection and 
co-cultivation media have inhibitory effects on the successful transformation of E. 
ravennae. However, after 6 months of selection, GFP-expression fluorescence was 
not observed in hygromycin-resistant calli which was resulted from DNA silencing 
(Figure 18 b-1, b-2). Therefore, hygromycin-resistant calli were subjected to 
sulfamethazine treatment for 2 months. Hygromycin-resistant calli observed GFP 
expression (Figure 18 c-1, c-2) showed GFP-expression fluoresces. These calli 
(Figure 16 a) were transferred to regeneration medium for induction of transformed 
shoots. Regenerated primary shoot observed GFP expression (Figure 18 d-1, d-2) 
after 1 months of culture. After 2 months of transferring to regeneration medium, 
the regenerated shoots were detached from the calli and transferred to 8 g l-1 agar 
solidified half-strength MS medium containing 20 mg l-1 meropenem and 50 mg l-1 
hygromycin for further selection and root formation. Shoot were grown to plants 
and were produced several roots after 2 months of culture (Figure 16 b).  
 
Molecular analysis 
All four hygromycin-resistant shoots of E. ravennae were confirmed resistant of 
hpt gene by PCR analysis, which producing 0.6-Kb fragment (Figure 19 a). On the 
other hand, 0.6-Kb fragment was not amplified productions on non-transformed 
control plant. Southern hybridization using hpt gene probe also showed the 
hybridization signals in all three hygromycin-resistant shoots with the insertion 
from one to two copies of the plasmid T-DNA (Fig. 19 b, lanes 1–3), whereas no 
signal was detected in the untransformed plant (Fig. 19 b, lane N).  
In this study, we firstly and successfully introduced A tumefaciens-mediated 
genetic transformation system in E. ravennae with removing MS salts and vitamins 
in infection and co-cultivation medium for the first time. Although shoot 
regeneration from hygromycin-resistant the calli was not efficient, this protocol 
could be used to produce transgenic E. ravennae carrying commercially important 
traits such as environmental stress resistance. 
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General Discussion and Conclusion  
 For production of novel plants with desirable traits, plant genetic transformation 
systems has been reported in various economically important Gramineae plants. 
Genetic transformation of cereal by means of biotechnology has been achieved by 
introducing useful genes such as abiotic and biotic stresses resistance genes in rice, 
maize and sugarcane (Wang et al 2008; Cai et al. 2009; Zaidi et al. 2009; Arvihth et 
al. 2010). In biomass-energy Gramineae plants, only in swichgrass, genetic 
transformation systems have been achieved (Xi et al. 2009). Recent years, RNA 
silencing approach to downregulation of lignin biosynthetic genes in swichgrass 
resulted in increased ethanol production (Aaron et al. 2011; Fu et al. 2010). However, 
there have no reports of genetic improvement of another biomass-energy Gramineae 
plants (Erianthus spp., pampas grass, swtichgrass, Miscanthus spp. and nepiar 
grass). Therefore, the objectives of the present study were to establishment of the 
efficient plant regeneration system and introduce the genetic transformation for 
improving the characteristics of E. ravennae, E. arundinaceus and C. selloana, 
which have a great potential to become biomass-energy crops. 
As the first step for these purposes using, in chapter 2, establishment of plant 
regeneration system in E. ravennae was tried  seed-derived callus. Optimal 
conditions were obtained for callus induction and maintenance and shoot 
regeneration. Although, in Erianthus spp., callus induction and plant regeneration 
have been achieved (Robacker and Corley 1992; Robacker 1995; Jalaja and 
Sreenivasan 1999), no detailed studies have been reported on callus types is very 
important for shoot regeneration. Some studies have reported that repeated 
subculture of primarily induced callus was important to obtain the callus posessing 
shoot regeneration ability in grasses (Ntui et al. 2010; Petersen 1997). In chapter 2, 
difference type of callus induced after 3 months of subcultures under dark 
conditions and among of them, white and compact callus showed the highest shoot 
regeneration ability. In other grasses, similar callus type which was white or yellow 
and compact morphology was showed high shoot regeneration efficiency 
(Chengalrayan and Gallo-Meagher 2001; Holme and Petersen 1996). These results 
suggest that visually selection of calli can be selecting the calli with high shoot 
regeneration ability in E. ravennae. In sugarcane, among morphological different 
calli, shoot regeneration ability was related with biochemical substance (Silveira et 
al. 2013). Therefore, further biochemical analysis of calli would be required in E. 
ravennae. 
In chapter 3, establishment of efficient plant regeneration system in E. 
arundinaceus was subjected leaf sheath induced calli. Although plant regeneration 
from callus using MS medium without PGRs have been reported (Uwatoko et al. 
2011), shoot regeneration efficiency with PGRs from callus has not been explored. 
Among the studies previous reported for shoot induction of grasses, there has been 
reported that BAP together with low level of NAA was induced for shoot 
regeneration (Praveena et al. 2012; Franklin et al. 2006). Similar way, in E. 
arundinaceus, BAP and NAA showed higher shoot regeneration efficiency than HF 
conditions. These results indicated that PGRs are improved shoot regeneration from 
callus. We also found that yellow and compact callus was induced from leaf sheath 
and this type of callus showed highest shoot formation frequency. This calli 
morphology was similar to those of sugarcane which were regenerated shoot at high 
efficiency (Wamaitha et al. 2010; Matsuoka et al. 1998; Ho and Vasil 1983). Because 
of callus growth rate of these types were relatively low level compared to another 
type, further improvement of growth system of calli would be required. 
In chapter 4, C. selloana of another important Gramineae plants, was established 
an efficient plant regeneration system from liquid callus cultures derived from 
seeds. Although callus induction from stem segment has been reported (Robacker 
and Corley 1992, Carol 1995), callus induction from mature seed has not been 
explored. In this study, optimal conditions were determined for callus induction 
from mature seed, liquid callus cultures and shoot regeneration. Callus was 
maintained in liquid medium for 8 months without losing shoot regeneration ability 
and affecting ploidy levels. However, among of 12 month-old suspension-cultured 
calli, callus line with tetoraploid level showed lower shoot regeneration ability. 
Although anther lines showed no change in ploidy level, shoot regeneration abilities 
were low. These results suggested that reducing shoot regeneration is caused 
change in ploidy level not only DNA methylation during subculture. 
In chapter 5, genetic transformation of E. ravennae by Agrobacterium-mediated 
transformation was investigated. The plant regeneration system established in 
chapter 2 was used in genetic transformation. The experiment of medium conditions 
for infection and co-cultivation of Agrobacterium, i.e., removing MS salts and 
vitamins in infection and co-cultivation media were examined. In 
Agrobacterium-mediated transformation, removing MS salts and vitamins medium 
has been used to enhance transformation in Lilium (Azadi et al. 2010). Similar in 
the case of E. ravennae, removing MS salts and vitamins medium incresed 
hygromycin-resistant calli transformation efficiency in coposition with MS medium. 
However, GFP-expression fluorescence was not observed and shoots which was 
resulted from DNA silencing of transgene in hygromycin-resistant calli. DNA 
silencing has been become a major obstacle in transgenic expression. In transgenic 
Arabidopsis plants, sulfametazine suppressed DNA silencing and restored 
GFP-expression and Km-resistant (Zhang et al. 2012). In this study, optimal 
conditions were obtained for sulfametazine treatment of hygromycin-resistant calli 
induced gfp gene by particle bombardment. Among the conditions tested, best 
medium supplemented concentration of sulfamethazine was 30μM in which 
recovered GFP-expression fluorescence without turn brown and died. 
Hygromycin-resistant calli induced gfp gene by A. tumefaciens was subjected to 
sulfamethazine treatment for 2 months. The hygromycin-resistant calli and 
regenerated shoot were recovered GFP-expression fluorescence. 
Hygromycin-resistant plants were confirmed hpt gene by PCR analysis and 
Southern hybridization. Although further investigation would be required for 
improving the plant regeneration efficiency from transgenic calli, genetic 
transformation system was established with removing MS salts and vitamins in 
infection and co-cultivation media. The systems established in the present study, 
therefore, would be improving the breeding of these important biomass-energy 
Gramineae plants.   
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Figure 1. Shoot regeneration from E. ravennae callus. (A) Callus induction from 
mature seeds of E. ravennae after 10 days of culture on MS medium supplemented 
with 4 mg l-1 2,4-D and 0.1 mg l-1 BA(bar=1 mm). An arrow indicates the site of 
initial callus formation. (B) Primary calli from mature seeds after 1 month of 
culture under dark conditions on MS medium supplemented with 2 mg l-1 2,4-D and 
0.2 mg l-1 BA.(C, D) Proliferated calli from each seed after 2 (C) and 3 months (D) of 
culture under dark conditions on MS medium supplemented with 2 mg l-1 2,4-D and 
0.2 mg l-1 BA (bar=2 mm for c and 5 mm for d). The calli were subcultured every 2 
weeks after initiation of culture. (E) Regenerated multi-shoots 2 weeks after 
transfer the calli onto MS medium supplemented with 1 mg l-1 BA and 0.5 mg l-1 
NAA (bar=6 mm). (F) Rooted plant 2 weeks after transfer the shoot onto 
hormone-free half-strength MS medium (bar=1 cm). (G) A plant with numerous 
branches established in a pot, 4 months after the transfer of the plantlet shown in to 
greenhouse conditions (bar=6 cm). 
  
Figure 2. Shoot regeneration of E. ravennae from three types of callus (type A, B 
and C). (1) Three types of calli induced from mature seeds after 3 months of culture 
under dark conditions on MS medium supplemented with 2 mg l-1 2,4-D and 0.1 mg 
l-1 BA. (2) Shoot regenerated from three types of calli 6 weeks after transfer onto MS 
medium supplemented with 1 mg l-1 BA and 0.5 mg l-1 NAA. (a) Type A callus with 
white color and compact morphology. (b) Type B callus with pure white color and dry 
and hard morphology. (c) Type C callus with white watery appearance and soft 
morphology (bar=3 mm). 
 
 
 
 
 
 
  
Figure 3. Effects of BA and NAA on shoot regeneration frequency of E. ravennae 
callus. The frequency of shoot regeneration was recorded after 5 weeks of culture on 
shoot regeneration medium containing different concentrations (mg l-1) of BA and 
NAA. Each value represents a mean±SE of three independent experiments.   
 
 
 
 
 
 
 
 
  
  
Figure 4. Effects of kinetin and NAA on shoot regeneration frequency of E. ravennae 
callus. The frequency of shoot regeneration was recorded after 5 weeks of culture on 
shoot regeneration medium containing different concentrations (mg l-1) of kinetin 
and NAA. Each value represents a mean±SE of three independent experiments.  
 
 
 
 
 
 
 
 
  
  
Figure 5. Shoot regeneration from E. arundinaceus callus. (a) Callus induction from 
leaf sheath segment of E. arundinaceus after 40 days of culture on MS medium 
supplemented with 4 mg l-1 2,4-D (bar=2 mm). (b) Type A callus forming green and 
purple spots after 1 week of culture on regeneration medium (bar=5 mm). (c) 
Regenerated multiple-shoots after 1month of culture on regeneration medium 
(bar=10 mm). (d) Rooted plant after 1 month of culture on rooting medium (bar=1 
cm). (e) A plant with numerous branches established in a pot, 6 months after the 
transfer of the plantlet shown in to greenhouse conditions (bar=20 cm). 
 
  
  
Figure 6. Morphological and histological observation of E. arundinaceus calli 
induced from leaf sheath after 4 months of culture under dark conditions on MS 
medium supplemented with 2 mg l-1 2,4-D (1) Morphological observation of calli 
(bar=5 mm). (2) Histological observation of calli (bar=500 μm). (a) Type A callus 
with yellow color and compact morphology (b) Type B callus with white, watery 
appearance and soft morphology. 
 
 
 
 
  
  
Figure 7. Effects of BA and NAA on shoot regeneration frequency of E. 
arundinaceus callus. The frequency of shoot regeneration was recorded after 2 
months of culture on shoot regeneration medium containing different 
concentrations (mg l-1) of BA and NAA. Each value represents a mean±SE of three 
independent experiments. Tukey’s HSD test was performed to identify significant 
differences among the 9 treatments. The different letters indicate significant 
differences at P < 0.05, as determined by Tukey’s HSD test.  
 
 
 
 
 
 
  
  
Figure 8. Flow cytometry (FCM) analysis of E. arundinaceus. The peaks correspond 
to nuclear DNA, C-values were indicated above each peak. 2C reflect the G0/G1 
nuclei. Nuclei were isolated from: (a) leaf of control plant, (b) leaf of regenerated 
plant.   
 
 
 
 
  
  
Figure 9. Effect of kind and concentration of auxins on callus induction from mature 
seeds of C. selloana. The frequency of callus induction was recorded after 5 weeks of 
culture on media containing different concentrations (mg l-1) of auxins. Each value 
represents a mean±SE of three independent experiments. Tukey’s HSD test was 
performed to identify significant differences among the 21 treatments. The different 
letters indicate significant differences at P < 0.05, as determined by Tukey’s HSD 
test.  
 
  
  
Figure 10. Shoot regeneration from C. selloana callus. (a) Callus induction from 
mature seeds of C. selloana after 2 months of culture under dark conditions on MS 
medium supplemented with 2 mg l-1 picloram (bar=5 mm). (b) Proliferated mature 
seed-derived calli after 1 year of culture under dark condition in liquid MS medium 
supplemented with 2 mg l-1 picloram. The calli were subcultured every 2 weeks after 
initiation of culture (bar=5 mm). (c) Shoot induction from suspension cultured calli 
after 10 days of culture under light condition on MS medium supplemented with 0.5 
mg l-1 BAP and 0.5 mg l-1 NAA (bar=1 cm). (d) Regenerated multi-shoots 1 month 
after transfer the suspension cultured calli onto MS medium supplemented with 0.5 
mg l-1 BAP and 0.5 mg l-1 NAA (bar=5 mm). (e) A rooted plantlet 1 month after 
transfer the shoot onto hormone-free half-strength MS medium (bar=3 mm). (f) A 
plant with numerous branches established in a pot, 3 months after the transfer of 
the plantlet shown in (e) to greenhouse conditions (bar=5 cm). 
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Figure 11. Effects of BAP and NAA on shoot regeneration frequency of C. selloana 
suspension cultured calli. The frequency of shoot regeneration was recorded after 5 
weeks of culture on media containing different concentrations (mg l-1) of BAP and 
NAA. Each value represents a mean±SE of three independent experiments. Tukey’s 
HSD test was performed to identify significant differences among the 14 treatments. 
The different letters indicate significant differences at P < 0.05, as determined by 
Tukey’s HSD test.  
  
  
Figure 12. Flow cytometry (FCM) analysis of calli and regenerated plant of C. 
selloana. (a) leaf of control plant, (b) callus after 8 months of subculture in liquid 
medium containing 2 mg l-1 picloram, (c) callus after 12 months of subculture in 
liquid medium showing the appearance of tetraploid level of cells, (d) leaf of 
regenerated plant from callus after 4 months of subculture in liquid medium.  
  
  
 
Figure 13. Structure of T-DNA region of pGWB-UbiGFP used in E. ravennae 
transformation. RB and LB: right and left border of the T-DNA region, respectively. 
CaMV35S-P: Cauliflower mosaic virus 35S promoter, Ubi-P: intron-ubiquitin 
promoter, NOS-P: promoter of the nopaline synthase gene, NOS-T: terminater of the 
nopaline synthase gene, gfp: green fluorescent protein, hpt: hygromycin 
phosphotransferase gene, nptII: neomycin phosphotransferase II gene. 
 
 
 
 
  
  
 
 
Figure 15. Effect of Sulfamethazine treatment for GFP on the regenerated shoots. 
Each explant was subject to (1) luminescence imaging and (2) regular photography 
of after 2 months of sulfamethazine treatment.  
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Figure 16. Regeneration of transgenic plants of E. ravennae. (a) The emergence of 
hygromycin-resistant calli after 6 months of selection, (b) transgenic plant showing 
hygromycin resistance. 
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Figure 17. Effect of the modified used for infection and co-cultivation on the 
hygromycin-resistant calli frequency. The percentage hygromycin-resistant calli per 
total infected calli was scored after 6 months of selection. Each value represents a 
mean±SE of three independent experiments. Tukey’s HSD test was performed to 
identify significant differences among the 2 treatments. The different letters 
indicate significant differences at P < 0.05, as determined by Tukey’s HSD test.  
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Figure 19. Molecular analysis of transgenic plants. (a) PCR analysis of the hpt gene 
in putatively transformed plants of E. ravennae. LaneM molecular size marker 
(φ×174/HaeIII), Lane P, plasmid (pGWB-UbiGFP), Lane C negative control 
(untransformed control plant), Lanes 1-4 putatively transformed plants. (b) 
Southern blot analysis of hpt transgene in putatively transformed plants of E. 
ravennae. LaneM molecular size marker (λDNA/EcoRI, HindIII), Lane C negative 
control (untransformed control plant), Lanes 1-3 putatively transformed plants. 
Molecular markers are indicated on the left. 
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 Summary 
 
There is an increasing interest in the production of biomass-energy including 
cellulosic bio-ethanol from Gramineae crop plants, which are also helpful to reduce 
ambient CO2 concentration by neutralizing carbon. However, in Gramineae crop 
plants, large number of seeds disperses widely and they may become troublesome 
weeds and alien plants, which may cause adverse effect on environment. In this 
study, for further improvement in breeding program, I established highly efficient 
callus induction and plant regeneration system in Erianthus ravennae, E. 
arundinaceus and Cortaderia selloana and introduced genetic transformation in E. 
ravennae. 
The contents of this thesis are consisted of 7 chapters. The background of this 
study and the genetic transformation are presented in Chapter 1. The results 
obtained thorough the present study are presented below as Chapters 2-6. Finally, 
general discussion and conclusion were presented in Chapter 7. 
 
Chapter 2. Efficient plant regeneration system from seed-derived callus of ravenna 
grass [Erianthus ravennae (L.) Beauv.]  
An efficient method of plant regeneration from seed-derived callus was established 
in ravenna grass [Erianthus ravennae (L.) Beauv. ], which is an ornamental tall 
grass as well as an important biomass crop. For callus induction, mature seeds were 
cultured on media containing different concentrations of 2,4-dichlorophenoxyacetic 
acid (2,4-D) (0.5, 1, 2 and 4 mg l-1) and 6-benzyladenine (BA) (0, 0.1 and 0.2 mg l-1) 
on callus induction using MS medium (Murashige and Skoog 1962) supplemeted 
with 1 g l-1 casamino acids, 30 g l-1 maltose and 8 g l-1 agar as a basal medium. The 
highest callus induction was obtained on medium supplemented with 2 mg l-1 2,4-D 
and 0.2 mg l-1 BA, where 96％ of explants formed callus. During the subculture of 
the calli on the same medium for 4 months, 3 types of calli showing different growth 
rate, color and morphology were differentiated. By using these 3 types of calli, 
effects of different concentrations of BA or 6-furfurylaminopurine (kinetin) (0, 0.1, 
0.5, 1, 2 and 4 mg l-1) and naphthaleneacetic acid (NAA) (0, 0.25, 0.5 and 1 mg l-1) as 
plant growth regulators on shoot regeneration were evaluated using MS medium 
with 1 g l-1 casamino acids as a basal medium. The highest frequency of shoot 
formation was obtained in type A callus, which had white and compact nature, on 
medium containing 30 g l-1 sucrose, 1 mg l-1 BA and 0.1-0.25 mg l-1 NAA, where 
89.3％ of the calli formed shoots. 
 
Chapter 3. Efficient plant regeneration system from leaf sheath derived callus of 
Erianthus arundinaceus (Retz.) Jeswiet. 
Efficient plant regeneration system from leaf sheath derived callus was 
established in E. arundinaceus, which is an important biomass crops due to high 
yield biomass and resistance to stress. The callus was induced from leaf sheath 
segments from in vitro plants on 8 g l-1 agar-solidified MS basal medium containing 
4 mg l-1 2,4-D and 30 g l-1 maltose. When the calli were subcultured on the MS basal 
medium containing 2 mg l-1 2,4-D during 2 weeks interval subculture for 4 months, 
these 2 types of calli showed different color, histological observation, growth rate 
and shoot regeneration were obtained. For shoot regeneration, these 2 types of calli 
were then transferred onto media with different combination of BA (0, 0.5, 1, 2, 3 
mg l-1) and NAA (0 and 0.1 mg l-1) as plant growth regulators using MS medium 
with 30 g l-1 sucrose as a basal medium. The highest shoot formation frequency 
(80.6%) was observed in type A callus, which had yellow and compact nature after 4 
weeks of culture, on medium containing 1 mg l-1 BA and 0.1 mg l-1 NAA. The 
regenerated plants showed the same morphological characteristics and no ploidy 
changes to those of the control plants. The present study demonstrated high 
efficient regeneration system of E. arundinaceus with BA and NAA, which is 
developing genetic transformation system. 
 
Chapter 4. Plant regeneration from liquid callus cultures derived from mature 
seeds of pampas grass (Cortaderia selloana) 
 An efficient system of plant regeneration from liquid culture of mature 
seed-derived callus was established in pampas grass [Cortaderia selloana (Schult. & 
Schult.f.) Asch. & Graebn.], which is an ornamental grass and a potent 
biomass-energy crop. Calli were induced from mature seeds on MS medium 
containing 30 g l-1 maltose, 8 g l-1 agar and different concentrations (0, 1, 2 and 5 mg 
l-1) of 3,6-dichloro-o-anisic acid (dicamba), 1-naphthaleneacetic acid (NAA), 
4-amino-3,5,6-trichloropicolinic acid (picloram) or 2,4-dichlorophenoxyacetic acid 
(2,4-D). The highest callus induction was obtained on medium containing 5 mg l-1 
picloram or 2,4-D, where 98.3±1.2 and 93.3±1.2% of explants formed callus, 
respectively. Calli were subcultured on MS medium containing 2 mg l-1 dicamba, 
NAA, picloram or 2,4-D and 30 g l-1 maltose for 3 months and the compact calli 
obtained were transferred into the same corresponding liquid media. By using 2 
month-old liquid-cultured calli, effects of different concentrations of BAP (0, 0.1, 0.5 
and 1 mg l-1) and NAA (0, 0.1, 0.5 and 1 mg l-1) on shoot regeneration were evaluated 
using MS medium with 30 g l-1 sucrose, 8 g l-1 agar and 0.5 mg l-1 GA3 as a basal 
medium. The highest frequency of shoot formation was obtained in callus induced 
by picloram on medium containing 0.5 mg l-1 BAP (6-benzylaminopurine) and 0.5 
mg l-1 NAA, where 92.1±0.9% of the calli formed shoots. The calli maintained high 
shoot regeneration ability (77.0±4.6%) and original ploidy level of diploid during the 
8 months of subcultures, although drastic reduction in the regeneration ability 
(8.3±2.8%) and the appearance of tetraploid cells were observed after 12 months of 
subculture in liquid media. 
 
Chapter 5. Agrobacterium-mediated transformation of ravenna grass [Erianthus 
ravennae (L.) Beauv.] 
The Agrobacterium-mediated transformation system in ravenna grass [Erianthus 
ravennae (L.) Beauv.] was established by lacking MS composition medium used in 
infection and co-cultivation. Agrobacterium tumefaciens strain EHA 101 carrying 
the binary plasmid pGWB-UbiGFP contains Ubi promoter driving green fluorescent 
protein (gfp) gene and and cauliflower mosaic virus (CaMV) 35S promoter driving 
hygromycin phosphotransferase (hpt) gene was co-cultivated with calli explants. 
The infection medium (50 ml) were added to 5 (1:10) ml of Agrobacterium 
suspension culture (OD600 = 1.0) and then calli explants were incubated for 15 min. 
After 3 days of co-cultivation, the explants were cultured on the MS medium 
containing 30 g l-1 maltose, 2 mg l-1 2,4-D, 20 mg l-1 meropenem and 50 mg l-1 
hygromycin to obtain hygromycin-resistant calli for 6 months selection and then 
transferred onto 2.5 g l-1 Gellan Gum solidified MS medium containing 30 g l-1 
maltose, 1 mg l-1 BA, 0.1 mg l-1 NAA, 20 mg l-1 meropenem and 50 mg l-1 hygromycin 
to induce shoot regeneration for 2 months. The highly frequency of transient GUS 
and hygromycin-resistant calli was obtained when lacking MS composition medium 
was used for infection and co-cultivation. With sulfamethazine treatment, the 
hygromycin-resistant calli and regenerated shoot were exhibited GFP and 
confirmed by polymerase chain reaction (PCR) analysis. 
 
 
  
研究概要 
 
近年、地球温暖化の解決策として食糧と競合しない植物材料によるセルロース系エタノ
ールの利用が有効であると考えられている。このような目的に合致するバイオマスエネル
ギー作物として高乾物生産性や優れた環境適応能力を持つイネ科植物が有効視されている。
しかしながら、実用化において生産地周辺への遺伝子拡散防止や耐寒性獲得、ストレス耐
性の強化が課題である。これらの問題に対しては形質転換体の作出が有効な解決策の１つ
になると考えられる。したがって, 本研究においてはイネ科バイオマスネルギー作物として
期待されるエリアンサス [Erianthus ravennae、E. arundinaceus]およびパンパスグラス
[Cortaderia selloana] を材料とし、安定的な植物体再生のための組織培養系と形質転換系
の確立を試みた。本論文は第 1 章から第 7 章の結論および考察までの全 7 章で構成されて
いる。第 1 章では、本研究の背景について述べた。本研究の結果（第 2 から 6 章）は、次
の通りである。 
第 2 章 Ravenna grass [Erianthus ravennae (L.) Beauv.]における培養系の確立 
Ravenna grass [Erianthus ravennae (L.) Beauv.]の種子を用い、効率的なシュート分化系
を確立した。カルス誘導条件を検討した結果、2 mgl-1 2,4-D、0.2 mgl-1 BA を添加したカ
ルス誘導培地（MS 培地、30 gl-1 maltose、1 gl-1 カザミノ酸、8 gl-1 Agar）条件において
暗所培養 1 ヶ月後、96%の種子でカルスが形成された。誘導 4 ヶ月後において成長量、色、
形態が異なる 3 タイプのカルスが形成された。シュート分化率を比較した結果、1 mgl-1 BA、
0.1-0.25 mgl-1 NAA を添加したシュート分化培地（MS培地、30 gl-1 sucrose、8 gl-1 Agar）
条件において、白色、コンパクトなカルスが高い分化率（89.3%）を示した。 
第 3 章 Erianthus arundinaceus (Retz.) Jeswiet における培養系の確立 
Erianthus arundinaceus (Retz.) Jeswiet の葉髄を用い、効率的なシュート分化系を確立し
た。4 mgl-1 2,4-D を添加したカルス誘導培地（MS 培地、30 gl-1 maltose、8 gl-1 Agar）に
おいて in vitro 植物由来の葉髄からカルス誘導を行った。誘導 4 ヶ月後において色、形態、
増殖効率、シュート分化効率が異なる 2 タイプのカルスが形成された。シュート分化率を
比較した結果、1 mgl-1 BA、0.1 mgl-1 NAA を添加したシュート分化培地（MS培地、30 gl-1 
sucrose、8 gl-1 Agar）条件において黄色でコンパクトなカルスにおいて高いシュート分化
率（80.6%）を示した。 
第 4 章 Pampas grass [Cortaderia selloana]における培養系の確立 
Pampas grass [Cortaderia selloana Stapf.]の種子を用い、効率的なシュート分化系を確立
した。カルス誘導条件を検討した結果、5 mgl-1 picloram を添加したカルス誘導培地（MS
培地、30 gl-1 maltose、8 gl-1 Agar）条件において暗所培養 1 ヶ月後、98%の種子でカルス
が形成された。1 mgl-1 picloram を添加したカルス誘導培地から Agar を除いた培地を用い
て懸濁振とう培養を行い、高い増殖率を示すカルスを獲得した。誘導 4、8、12 ヶ月後のカ
ルスにおけるシュート分化率を比較した結果、誘導 4、8 ヶ月後のカルスでは高い割合（83.3
および 74.3％）でシュート分化率を示した。しかしながら、誘導 12 ヶ月のカルスではシュ
ート分化（17.4%）が抑制された。 
第 5 章 Ravenna grass [Erianthus ravennae (L.) Beauv.]における Agrobacterium 法によ
る形質転換系の検討 
アグロバクテリウム法を用いた E. ravennae の形質転換系の検討を行った。暗黒条件下で
液体振とう培養した E. ravennae のカルスを実験材料として、A. tumefaciens strain EHA 
101/pEKH2-UbiGUS および pGWB-UbiGFP を接種した。接種および共存培地において無
機塩を除去したところ、一過的ＧＵＳ発現および Hm 耐性カルスの獲得率が上昇した。50 
mgl-1の Hmを添加した選抜培地で約 6 ヶ月間選抜し、Hm耐性カルスを獲得した。これら
Hm耐性カルスおよびHm耐性カルス由来のシュートにおいて sulfamethazine処理を行っ
たところ GUS 発現および GFP が観察された。また、PCR 解析により hpt 遺伝子の導入が
確認された。 
Abbreviations 
 
acetosyringone: 3,5-dimethoxy-4-hydroxy-acetophenone 
BA: 6-benzyladenine 
DAPI: 40,6-diamidino-2-phenylindole dihydrochloride 
dicamba: 3,6-dichloro-o-anisic acid 
FCM: Flow cytometry  
GA3: Gibberellin A3 
GFP: green fluorescent protein  
GUS: β-glucuronidase 
hpt: hygromycin phosphotransferase 
kanamycin: Kanamycin sulfate 
kinetin: 6-furfurylaminopurine 
MES: 2-morpholinoethane-sulfonic acid 
MS: Murashige and Skoog  
NAA: naphthaleneacetic acid 
nptⅡ: neomycin phosphotransferase Ⅱ 
PCR: polymerase chain reaction  
PGRs: Plant growth regulators 
picloram: 4-amino-3,5,6-trichloropicolinic acid 
sulfamethazine: 4,6-Dimethylsulfadiazine 
Ubi: ubiquitin  
2,4-D: 2,4-dichlorophenoxyacetic acid 
 
